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(54) Magnetic bearing apparatus of quick response 


(57) A magnetic bearing apparatus having a high 
speed-of-response and of a low cost is provided. The 
apparatus comprises a power amplifier for supplying a 
control current to a coil of an electromagnet of a control- 


type magnetic bearing and a non-linear component po- 
sitioned in the rear of a stage where a control input signal 

51 of the power amplifier and a current feedback signal 

52 is added. 


Fig. 4 


INPUT SI 
SIGNAL 


SIGNAL 
SYNTHESIS & 
REGULATION 
UNIT 



TO ELECTRO- 
MAGNET 


CL 
LU 


Printed by Jouve, 75001 PARIS (FR) 


1 


EP1 191 243 A2 


2 


Description 

[0001] The present invention relates to a magnetic 
bearing apparatus which is requested to have a quick 
response for high-speed rotary machines. More specif- 5 
ically, the present invention relates to a magnetic bear- 
ing apparatus for use in semiconductor device manu- 
facturing apparatuses, having an advantage of being 
capable of supporting an object at low speed without any 
physical contact and having a solid yoke structure for 10 
reducing discharge gas from a magnetic circuit and im- 
proving anticorrosiveness, for example, a magnetic 
bearing apparatus suitable for a CVD (chemical vapor 
deposition) apparatus, a substrate rotating apparatus 
for RTP (rapid thermal processing) and a gas circulation '5 
fan. 

[0002] The entire disclosure of Japanese Patent Ap- 
plication No. 2000-276845 filed on September 12. 
2000 : inciuding the specification, claims, drawings and 
abstract, is incorporated herein by reference in its en- 20 
tirety. 

[0003] In the field of a semiconductor device manu- 
facturing apparatus, a turbo molecular pump is well 
known among apparatuses in which magnetic bearing 
apparatuses are in particular widespread. Magnetic 25 
bearing apparatuses employed in almost all turbo mo- 
lecular pumps are called as a control-type magnetic 
bearing apparatus. Fig. 1 shows a structural example of 
such a control-type magnetic bearing apparatus in one 
degree of freedom. As shown in this figure, the magnetic 30 
bearing apparatus comprises a displacement sensor 1 , 
a compensating device 2, a power amplifier 3 and an 
electromagnet 4. Power amplifier 3 supplies a control 
current to a coil wound around electromagnet 4 to gen- 
erate a magnetic force, which magnetically supports a 35 
controlled object 5. A displacement X made by control- 
led object 5 is detected by displacement sensor 1 and 
is compared with a target value Xo. A deviation between 
X and Xo is input to power amplifier 3 through compen- 
sating device 2. 40 
[0004] A load to power amplifier 3 is electromagnet 4 
and, thus, a delaying load. Power amplifier3 drives elec- 
tromagnet 4 by means of an output current which cor- 
responds to an input signal. As a result, a relationship 
between the input signal and the output current indi- 45 
cates a delay characteristic. Usually, in order to improve 
such a delay characteristic, a loop is provided in order 
to feed back to the input of power amplifier 3 a coil cur- 
rent supplied to the coil of electromagnet 4. 
[0005] Fig. 2 shows a structural example of power am- so 
plifier 3. Power amplifier 3 comprises a control unit 3-1 , 
a drive unit 3-2, a current detector 3-3 and a current sig- 
nal feedback loop 3-4. From a view point of role, power 
amplifier 3 is generally divided into two parts, that is, 
control unit 3-1 and drive unit 3-2. Control unit 3-1 forms 55 
a signal S for controlling drive unit 3-2 on the basis of 
an input signal S1 received from compensating device 
2 (Fig. 1) and a current feedback signal S2. Drive unit 


3-2 supplies a coil current to the coil of electromagnet 4 
on the basis of an output signal S3 of control unit 3-1 . 
[0006] Control u nit 3-1 is now explained, taking an ex- 
ample of a PWM (pulse width modulation) system, as 
shown in Fig. 3, widely employed today. Control unit 3-1 
comprises signal regulators 3-3-1 and 3-1-2, a adding/ 
subtracting device 3-1-3, a gain amplifier 3-1 -4, a PWM 
carrier signal generator 3-1-5 and a PWM device (com- 
parator) 3-1-6. Signal regulators 3-3-1 and 3-1-2, add- 
ing/subtracting device 3-1-3 and gain amplifier 3-1-4 
form a signal synthesis and regulation unit designated 
generally by 3-1 A. In control unit 3-1, input signal S1 
and current feedback signal S2, that is, a negatively fed 
back coil current of electromagnet 4, are fed through sig- 
nal regulators 3-1-1 and 3-1-2 to gain amplifier 3-1-4 
having a relatively large gain 1 0 - 1 00. Thereafter, PWM 
device (comparator) 3-1-6 compares the output of gain 
amplifier 3-1-4 with a reference carrier signal, such as 
a triangle wave signal, from PWM carrier signal gener- 
ator 3-1-5 and produces output signal S3 that is a pulse 
width modulated signal. Pulse width modulated signal 
S3 is fed to drive unit 3-2, thereby causing a coil current 
I to be supplied to the coil of electromagnet 4. 
[0007] Considering now an amplification response 
performance (output current vs. input signal), the gain 
equals to one (1 ) [A/V] if a ratio of an amount of feedback 
of coil current I to input signal S1 is equal to one. The 
gain is in inverse proportion to how much coil current I 
is fed back. The speed-of-response (follow-up re- 
sponse) is in proportion to a ratio of an amount of feed- 
back of coil current I to input signal S1 and in proportion 
to a relatively large gain of gain amplifier 3-1-4. 
[0008] If an amount of feed back of coil current I and/ 
or the gain of gain amplifier 3-1-4 are preset to a large 
value in order to improve a response (speed-of-re- 
sponse) of a magnetic bearing apparatus, a PWM car- 
rier signal component is also amplified, resulting in an 
unstable operation of pulse width modulating compara- 
tor 3-1-6. Further, since a response of gain amplifier 
3-1 -4 is in inverse proportion to a magnitude of the gain 
thereof, it is practically impossible to raise the gain, In 
addition, if an amount of feedback of coil current I is in- 
creased, the amplification response performance (out- 
put current vs. input signal) of power amplifier 3 is re- 
duced. Consequently, the ratio of feed back is usually 
set to a value less than one. 

[0009] The response (speed-of-response) of gain am- 
plifier 3-1 -4 is in inverse proportion to a signal amplitude. 
Consequently, if coil current I delays too much from input 
signal S1 of power amplifier 3, a sum of (deviation be- 
tween) input signal S1 and current feedback signal S2 
increases. The sum is the output of adding/subtracting 
device 3-1 -3, which equals to zero if S1 =S2. If the devi- 
ation becomes large, the input amplitude of gain ampli- 
fier 3-1 -4 increases and may be saturated depending to 
a gain magnification. Such a saturation phenomenon is 
also one of the causes of deterioration in response 
(speed-of-response). 
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[001 0] As described above, there are a lot of problems 
in improving the response (speed-of-response). in- 
creasing a driving voltage Ed of drive unit 3-2 has been 
adopted as a general solution. Such an increase in driv- 
ing voltage Ed, however, is disadvantageous in that a 5 
high voltage is necessarily switched, resulting in una- 
voidable increase in electromagnetic noises. 
[0011] The present invention has been proposed in 
view of the above-described problems and an object of 
the present invention is to provide a magnetic bearing 10 
apparatus of a low cost and having a quick response. 
[0012] In order to achieve the object above, the 
present invention provides a magnetic bearing appara- 
tus having a power amplifier for supplying a control cur- 
rent to a coil of an electromagnet of a control-type mag- 15 
netic bearing, said apparatus characterized in that a 
non-linear component is provided in the rear of a stage 
where a control input signal of the power amplifier and 
a current feedback signal are added. 
[0013] The non-linear component may preferably be 20 
a comparator circuit. 

[0014] Since the non-linear component is disposed in 
the rear of the stage where the control input signal and 
the current feedback signal are added, it is possible to 
improve a speed-of-response of the power amplifier. In 25 
particular if a comparator capable of making a compar- 
ison with a reference potential to produce an output hav- 
ing a constant value of logical high or low is used as the 
non-linear component, it is possible to improve the 
speed-of-response of the power amplifier. This is be- 30 
cause the comparator is equivalent to an amplifier hav- 
ing an approximately infinite gain magnification with re- 
spect to an input signal in the vicinity of the reference 
voltage. 

[001 5] A magnetic bearing apparatus according to the 35 
present invention may further have a remover provided 
in the rear of the non-linear component for removing a 
displacement sensor carrier frequency signal band. 
[001 6] As described above, since the remover is pro- 
vided at an output side of the non-linear component for 40 
removing a displacement sensor carrier frequency sig- 
nal component, a displacement sensor carrier frequen- 
cy signal component can be removed from higher order 
harmonic components contained in a rectangular output 
signal of the non-linear component. 45 
[001 7] A magnetic bearing apparatus according to the 
present invention may further have a remover provided 
infrontof the non-linearcomponentforremoving apulse 
width modulation (PWM) power amplifier carrier fre- 
quency signal band. 50 
[0018] A detection signal obtained from a coil current 
of the electromagnet contains more or less a PWM car- 
rier frequency signal component. Such a signal compo- 
nent should be removed before feedback but may not 
be removed sufficiently in some cases. By providing the 55 
remover in front of the non-linear component for remov- 
ing the PWM carrier frequency signal component, the 
PWM carrier frequency signal component can be re- 


moved. 

[001 9] A magnetic bearing apparatus according to the 
present invention may provide a first remover in front of 
the non-linear component for removing a pulse width 
modulation (PWM) power amplifier carrier frequency 
signal band and a second remover subsequently to the 
non-linear component for removing a displacement sen- 
sor carrier frequency signal band. 
[0020] As described above, since the first remover is 
provided in front of the non-linearcomponentforremov- 
ing the pulse width modulation (PWM) power amplifier 
carrier frequency signal band and a second remover is 
provided in the rear of the non-linear component for re- 
moving a displacement sensor carrier frequency signal 
band, the present invention can exhibit combined ad- 
vantages brought about when the removers are posi- 
tioned in front of and in the rear of the non-linear com- 
ponent, respectively. 

[0021] The invention will be described in detail in the 
following description of preferred embodiments with ref- 
erence to the following figures wherein : 

Fig, 1 is a block diagram showing a structural ex- 
ample of a magnetic bearing apparatus in one de- 
gree of freedom; 

Fig, 2 is a block diagram showing a structural ex- 
ample of a power amplifier shown in Fig. 1 ; 
Fig. 3 is a block diagram showing a structural ex- 
ample of a control unit shown in Fig, 2; 
Fig. 4 is a block diagram showing the structure of a 
power amplifier of a magnetic bearing apparatus 
according to the invention; 

Figs. 5(a) and 5(b) show examples of a non-linear 
component of a magnetic bearing apparatus ac- 
cording to the invention and Fig. 5(c) is a graph 
showing an input-output characteristic of the non- 
linear component; 

Fig. 6 shows an example of components within the 
power amplifier of a magnetic bearing apparatus 
according to the invention; 

Fig. 7 is a block diagram showing how to remove a 
displacement sensor carrier frequency signal com 
ponent of a magnetic bearing apparatus according 
to the invention; 

Fig. 8 is a block diagram showing how, to remove a 
displacement sensor carrier frequency signal com- 
ponent and a PWM frequency signal component in 
a magnetic bearing apparatus according to the in- 
vention; 

Figs. 9(a) to 9(c) are used to explain a remover used 
for a magnetic bearing apparatus according to the 
invention; 

Figs. 10(a) to 10(c) show structural examples of a 
remover used for a magnetic bearing apparatus ac- 
cording to the invention; and 
Figs. 11(a) and 11(b) show other structural exam- 
ples of a remover used for a magnetic bearing ap- 
paratus according to the invention. 
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[0022] In those drawings, like elements are designat- 
ed by the same reference numerals and symbols. 
[0023] Embodiments of the present invention will 
hereafter be described with reference to the attached 
drawings. Fig. 4 shows a structural example of a power 
amplifier of a magnetic bearing apparatus according to 
the present invention. The power amplifier corresponds 
to power amplifier 3 shown in Fig. 1 . As shown in Fig. 
4, a non-linear component7is inserted between asignal 
synthesis and regulation unit 3-1 A and a comparator cir- 
cuit 3-1-6 in order to improve a speed-of-response of a 
power amplifier3. Signal synthesis and regulation unit 
3-1 A has the same structure as as the one shown in Fig. 
3. A comparator, for example, is used as non-linear com- 
ponent 7. In particular, such a comparator capable of 
making a comparison with a reference potential to out- 
put a constant "high" or "low" value has an excellent 
speed-of-response and is equivalent to an amplifier hav- 
ing an approximately indefinite gain magnification with 
respect to an input signal in the vicinity of the reference 
voltage, which enables the speed-of-response of the 
power amplifier to be improved. 
[0024] Figs. 5(a) and 5(b) show examples of non-lin- 
ear component 7, Fig. 5(a) showing a case where an 
operational amplifier 7-1 is utilized and Fig. 5(b) showing 
a case where a comparator having an open-collector 
output is utilized. Fig. 5(c) shows an input-output char- 
acteristic of non-linear component 7 shown in Figs. 5(a) 
and 5(b). Non-linear component 7 is equivalent to an 
amplifier having an approximately indefinite gain when 
an input is equal to zero or in the vicinity thereof. It is 
noted that non-linear component 7 is not limited to the 
structure as shown in Figs. 5(a) and 5(b) and can easily 
been realized by means of digital numerical arithmetic 
means. 

[0025] A part of signal regulator 3-1-1 , a part of signal 
regulator 3-1-2, adding/subtracting device 3-1-3 and 
gain amplifier 3-1-4 in control unit 3-1 shown in Fig. 3 
can be easily implemented as an analog circuit compris- 
ing an operational amplifier 107 and passive elements 
(resistors 1 01 , 1 02 and 1 03, a capacitance 1 04 and Zen- 
er diodes 105 and 106) as shown in Fig. 6. A ratio of 
input signal S1 to current feedback signal S2 is inter- 
locked to a gain magnification of gain amplifier3-1 -4, as 
described below. Consequently, the main purpose is to 
determine the ratio of input signal S1 to current feedback 
signal S2, and the gain magnification is preferably set 
to a relatively small value (1-10 times or around) in 
order to avoid internal saturation of operational amplifier 
107. 

[0026] In Fig. 6, the ratio of input signal S1 to current 
feedback signal S2 is determined by resistance values 
R1 and R2 of resistors 101 and 102, respectively. The 
gain magnification is determined by R3/R1 and R3/R2. 
Assume that R3 is a resistance value of resistor 103. 
Consequently, input signal S1 and current feedback sig- 
nal S2 are in inverse proportion to resistance values R1 
and R2. Capacitance 1 04 is provided for the purpose of 


avoiding internal oscillation of operational amplifier 1 07. 
Zener diodes 1 05 and 1 06 are provided for the purpose 
of limiting a maximum amplitude of an output voltage. 
The purpose of such a limiting process is to maintain the 
5 output voltage less than the amplitude of a reference 
carrier signal S4 fed from a PWM carrier signal gener- 
ator 3-1-5. 

[0027] Further, as shown in Fig. 7, a remover 8 is pref- 
erably provided at an outputside of non-liner component 
10 7 for removing a displacement sensor carrier frequency 
signal component (Fig. 1 ) so as to protect displacement 
sensor 1 (shown in Fig. 1 ). The output of non-linearcom- 
ponent 7 is a rectangular-wave signal. If the displace- 
ment sensor carrierfrequency signal component is con- 
's tained in higher-order harmonics of the rectangular- 
wave signal, the carrier frequency signal may deterio- 
rate the function of the displacement sensor (Please re- 
fer to Japanese Patent Laid-open No. 46296/98). 
[0028] In addition, a remover 9 is preferably provided 
20 in front of non-linear component 7 for removing a PWM 
carrier frequency signal component, as shown in Fig. 8. 
An output signal of a current detector 3-3 (Fig. 4) for 
detecting a coil current I of electromagnet 4 contains 
more or less the PWM carrier frequency signal compo- 
25 nent. The contained PWM carrierfrequency signal com- 
ponent should be removed before feedback, but it may 
happen that such a signal component cannot be re- 
moved sufficiently. Remover 9 for removing the PWM 
carrier frequency signal component is preferably posi- 
30 tioned in front of non-liner component 7, since gain am- 
plifier 3-1-4 in signal synthesis and regulation unit 3-1 A 
operates to amplify a signal from adding/subtracting de- 
vice 3-1-3. 

[0029] In the control unit of a magnetic bearing appa- 
35 ratus according to the present invention, non-liner com- 
ponent 7 is, as shown in Fig. 4, inserted between signal 
synthesis and regulation unit 3-1 A and comparator cir- 
cuit 3-1-6 in order to improve a speed-of-response of 
the gain amplifier. Remover 8 is provided at an output 
40 side of non-linear component 7 for removing a displace- 
ment sensor carrier frequency signal component and re- 
mover 9 is provided in front of non-liner component for 
removing a PWM carrier frequency signal component. 
Such a structure enables the provision of a magnetic 
45 bearing apparatus having a quick response and can 
overcome the following problems: 

1 . If an amount of feedback of the coil current of 
electromagnet 4 and the gain of gain amplifier 3-1 -4 

50 are set to large values to enhance a speed-of-re- 
sponse, a PWM carrierfrequency signal component 
contained in the coil current is also amplified; result- 
ing in unstable operation of comparator circuit 3-1 -6 
for pulse modulation; 

55 2. A gain of gain amplifier 3-1-4 cannot be a large 
value because a response (speed-of-response) of 
the gain amplifier is in inverse proportion to the gain 
thereof; 
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3. Since a response (speed-of-response) of the 
gain amplifier is, as described above : in inverse pro- 
portion to the gain thereof, a sum (deviation) of input 
signal S1 and current feedback signal S2 of coil cur- 
rent I becomes large if the coil current of electro- 5 
magnet 4 delays too much from the input signal of 
the power amplifier. As a result, an input amplitude 
of gain amplifier 3-1 -4 becomes large and the gain 
amplifier may saturate depending on the gain mag- 
nification, which may be one of the causes of dete- 10 
riorating the response (speed-of-response); and 

4. If a driving voltage Ed of drive unit 3-2 is in- 
creased to improve the response (speed-of-re- 
sponse), a high voltage is switched, resulting in in- 
crease in electromagnetic noises. Further the dis- 15 
placement sensor is adversely affected and a posi- 
tion control performance is deteriorated. 


[0030] Figs. 9(a) - 9(c) are used to explain removers 
8 and 9. Fig. 9(a) shows a remover 110, an input signal 
Sin and an output signal Sout, and Figs. 9(b) and 9(c) 
show relationships between a transfer ratio G=Sout/Sin 
of a lowpass filter (LPF) and a band-elimination filter 
(BEF) over frequency, respectively. In these figures, A 
denotes a pass region and B denotes a rejected region. 
[0031] Figs. 10(a) and 10(b) show structural exam- 
ples of an LPF as a passive remover and a characteristic 
thereof. In these figures, R denotes a resistor, C a ca- 
pacitance, L an inductance, E ground (reference volt- 
age) and f a frequency. 

[0032] Figs. 1 1 (a) and 1 1 (b) show structural examples 
of an LPF as an active remover and a characteristic 
thereof. In these figures. R denotes a resistor, C a ca- 
pacitance, L an inductance, E ground (reference volt- 
age), f a frequency and 111 an operational amplifier. 
[0033] As will be understood from the description 
made up to now, the present invention can bring about 
various advantages. For, example, 

1. Since a non-liner component is provided in the 
rear of a stage where a control input signal of a pow- 
er amplifier and a current feedback signal are add- 
ed, it is possible to improve a speed-of-response of 
the power amplifier. In particular, a comparator used 
as the non-liner component for making a compari- 
son with a reference potential to output a "high" or 
"low" constant value can improve the speed-of-re- 
sponse of the power amplifier, because the compa- 
rator is equivalent to an amplifier having an approx- 
imately infinite gain magnification. 

2. By providing a remover at an output side of the 
non-linear component for removing a displacement 
sensorcarrierfrequency signal band, the carrierfre- 
quency signal component within higher order har- 
monics contained in a triangular output signal from 
the non-linear component can be removed, and any 
deterioration in function of the displacement sensor 
can be avoided. 


3. By providing a remover in front of the non-linear 
component for removing a PWM carrier frequency 
signal band, the carrier frequency signal compo- 
nent can be removed, and the operation of the com- 
parator for pulse modulation can be stabilized. 

4. By providing a first remover in front of the non- 
linear component for removing a PWM carrier fre- 
quency signal band and a second remover at an 
output side of the non-linear component for remov- 
ing a displacement sensor carrier frequency signal 
band, the PWM carrierfrequency signal component 
and the displacement sensor carrier frequency sig- 
nal component can be removed, the operation of a 
comparator for pulse modulation can be stabilized, 
and any deterioration in function of the displace- 
ment sensor can be avoided. 

[0034] The present invention has been described in 
detail with reference to certain embodiments of the in- 
20 vention, but it is clearthatthe present invention is limited 
to the disclosed embodiments. Those skilled in the art 
will understand that modifications and changes can be 
made to the present invention. 


25 

Claims 

1 . A magnetic bearing apparatus having a power am- 
plifier for supplying a control current to a coil of an 

30 electromagnet of a control-type magnetic bearing, 
said apparatus characterized in that a non-linear 
component is provided in the rear of a stage where 
a control input signal of said power amplifier and a 
current feedback signal are added. 

35 

2. A magnetic bearing apparatus as claimed in claim 
1 . characterized in thatsaid non-linear component 
is a conparator circuit. 

40 3. A magnetic bearing apparatus as claimed in claim 
1 or 2, characterized in that a remover is provided 
at an output side of said non-linear component for 
removing a displacement sensor carrierfrequency 
signal band. 

45 

4. A magnetic bearing apparatus as claimed in claim 
1 or 2. characterized in that a remover is provided 
at an input side of said non-linear component for 
removing a pulse width modulation (PWM) power 

50 amplifier carrier frequency signal band. 

5. A magnetic bearing apparatus as claimed in claim 
1 or 2. characterized in that a first remover is pro- 
vided at an input side of said non-linear component 

55 for removing a pulse width modulation (PWM) pow- 
er amplifier carrier frequency signal band and that 
a second remover is provided at an output side of 
said non-linear component for removing a dispiace- 
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